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1-Introduction
The application of amorphous alloys for hydrogen separation is preferable over the conventional Pd-based crystalline membranes due to their good mechanical properties, increased resistance to hydrogen embrittlement and lower cost [1] . Amorphous materials also exhibit increased strength, ductility, corrosion resistance, and hydrogen solubility compared to crystalline materials [2] - [5] . Such desired properties have motivated numerous studies [1] - [3] to explore a variety of amorphous alloys for hydrogen separation. However, since amorphous membranes are thermodynamically metastable, their application is limited due to their crystallisation tendency, once isothermally kept close to (time dependent crystallisation) or heated above (temperature dependent crystallisation) the crystallisation temperature [2] , [6] , [7] . Hence, the development of amorphous alloys aims to identify thermally stable amorphous membranes with equal or higher hydrogen permeability than Pd.
Zr 36 Ni 64 alloy showed [8] to be only permeable to hydrogen and thermally stable under hydrogen at 380 ºC. It was also shown [8] that hydrogen permeation through this alloy is controlled by the atomic diffusion of hydrogen, indicating acceptable surface catalytic activity of this alloy for hydrogen dissociation/recombination. However, hydrogen permeability of this alloy (1.2-2×10 at 350 ºC) [8] - [10] . Nevertheless, hydrogen permeability of Zr-Ni based alloys was proposed to be [11] at 400 ºC) [11] . The hydrogen permeability of Zr-Nb-Ni alloy was strongly dependent on the at 400 ºC), but at the expense of higher potential for hydrogen embrittlement and a reduced crystallisation temperature [9] , [11] - [13] . Multi-component Zr-based amorphous 3 alloys were studied [14] , [15] and hydrogen permeability in the range of 2.3-2.5×10 at 400 ºC was reported for the (Ni 0.6 Nb 0.4 ) 45 Zr 50 X 5 (X=Cu, and Co) alloys, almost as high as those of the Pd-Ag alloys [15] . Using first principles calculations, hydrogen solubility and diffusivity in a number of amorphous alloys were predicted and hydrogen permeability suggested to be mainly dominated by hydrogen diffusion in amorphous alloys [16] . Accordingly, Zr 54 Cu 46 alloy was predicted to have a hydrogen permeability similar to pure Pd [16] , though hydrogen permeability in Zr-Cu alloys was experimentally shown to be lower than computational predictions, possibly due to surface oxidation [17] . Estimations by first principles calculations proposed the maximum achievable hydrogen permeability in amorphous alloys is almost three times higher than pure Pd with Zr 30 Cu 60 X 10 (T= Sc, Ta, Y, and Ti) outperforming Zr 54 Cu 46 alloy [18] .
The diffusion controlled mechanism in amorphous membranes signifies the possibility of increasing hydrogen permeability by fabricating thinner membranes. Whilst melt spinning seems to be a common method to fabricate amorphous membranes with a typical thickness of 30-50 µm [6] , physical vapour deposition offer quick and convenient fabrication methods for the amorphous thin film (<10 µm). Such a method enables the production of amorphous thin films over a wider compositional range with enhanced control over the film shape, size, and thickness. Amorphous Zr-Cu thin films were deposited by magnetron co-sputtering [19] , [20] and it was shown that the Glass Forming Ability (GFA) of binary Zr-Cu alloy could be extended to a broader compositional range respecting to other fabrication methods [19] .
However, the structure of the films appeared to be sensitive to the sputtering conditions, as low sputtering power, low substrate temperature, and low argon pressure generally encouraged the formation of amorphous thin films [19] , [20] . In addition, the thermal behaviour of Zr-Cu and Zr-Ni amorphous alloys showed to be mainly determined by the alloy composition rather than fabrication method [21] - [23] . We recently demonstrated [24] 4 the possibility of fabricating dense and uniform binary and ternary Zr-based amorphous thin films (< 6 µm) using the Closed Field Unbalanced Magnetron Sputtering Ion Plating (CFUMSIP). Although the thermal stability of these alloys seemed to be dominated by the thin film composition, our preliminary results indicated that the crystallisation process in these amorphous thin films may differ from similar amorphous alloys fabricated by the other methods such as melt spinning [24] . In this study we extend our investigation on Zr 36 Ni 64 and Zr 54 Cu 46 amorphous thin films, due to their known bulk thermal and crystallisation characteristics [8] , [21] - [23] and, Zr 30 Cu 60 Ti 10 and Zr 30 Cu 60 Y 10 amorphous thin films for their predicted comparable hydrogen permeability to pure Pd [16] , [18] . Thermal stability of these amorphous thin films under inert and hydrogen atmospheres will be assessed and the possible crystallisation mechanism will be discussed.
2-Materials and method
The sputtering targets (copper, zirconium, nickel, titanium and yttrium -all with 99.9% purity) were purchased from Teer Coatings Ltd. Glass microscope slides (Thermo Scientific) with dimension of 76 × 26 mm were used as substrates for films deposition. Films with varying thicknesses were deposited by the Closed Field Unbalanced Magnetron Sputter Ion Plating (UPD 350-4), and were then peeled off the substrate [24] . The sputtering conditions were optimised after several trial runs to deposit the target Zr 36 mbar was applied to the sputtering chamber and the system was refilled with continuous flow (25 ml/min) of ultra-high purity argon to ~ 2.5×10 -3 mbar during deposition. Alloys were deposited using pulsed DC with a bias voltage of 50 volts on each magnetron. The target to substrate distance 5 was kept constant with a sample rotation speed of 5 rpm during the deposition. Each alloy was deposited in 18 runs of 10 min (3 h in total) with a designed cooling period between each run to avoid the temperature raise and possible crystallisation during the deposition process.
Alloys composition and their surface morphology were analysed by a Joel 6060 Scanning Electron Microscope (SEM) equipped with an INCA 300 Energy Dispersive Spectrometer (EDS). Kapton tape was used to partially cover some of the glass substrates during the deposition runs. Kapton tape was removed after deposition and an Ambios Technology XP-200 Profilometer was used for thickness measurements, which the values are included in Table 1 .
Room temperature X-Ray Diffraction (XRD) measurements of the films were performed using a Bruker D8-Advanced diffractometer with monochromatic CuKα radiation (λ = 1.54056 Å). Samples were also heat treated at 500 ºC and 650 ºC for 2 h under 3 bar argon and then cooled down to the room temperature before collecting the XRD pattern. An Anton Parr XRK900 high-temperature sample cell was used to measure the temperature dependence crystallisation of each sample under 3 bar flowing helium and hydrogen (100 ml min -1 ).
Samples were heated in-situ with a heating rate of 2 °C min -1 from room temperature to 600 ºC (500 ºC under hydrogen) and cooled back to room temperature. The XRD data was refined via a pseudo-Rietveld method with TOPAS Academic software [25] using published crystallographic information files (.cif) obtained from the Inorganic Crystal Systems Database [26] .
A Netzsch DSC204HP system was used to perform Differential Scanning Calorimetry (DSC) measurements under 3 bar flowing Ar (100 ml min Fig. 1(a-d) shows the XRD pattern of the thin films after deposition on a glass substrate.
3-Results

Structural and compositional characterisations
A broad diffraction hump is observed for all samples within approximately 30º-50º 2θ diffraction angles with no detectable crystalline peaks. This is a common characteristic of amorphous Zr-based thin films as observed in the previous studies [15] , [22] , [27] , [28] regardless of the fabrication method. The formation of an amorphous structure in Zr-based alloys appears to be concentration dependent. For instance, a Cu concentration range of ~ 30-85 at.% is known [22] , [23] , [27] , [28] to encourage the amorphous formation in the Zr-Cu alloy. Hence, the displacement in the diffraction hump's position shown in Fig. 1(a-d) is a result of the composition of the alloys alloys composition and inter-atomic distances within the amorphous matrix. In addition, the broad diffraction hump for Zr-Cu and Zr-Cu-Ti alloys in Fig. 1b and d shows a split in the peak, possibly due to phase separation or the partial formation of nano-crystalline phase. Phase separation in the magnetron sputtered ZrCu films was observed [31] and suggested that the alloy separated into two amorphous phases with the possible existence of Short Range Order (SRO).The development of such a phase separated structure indicates that the sample temperature during deposition is not high enough to trigger crystallisation of the phase separated region but sufficient for possible atomic mobility particularly on the disposition surface, as a result of kinetics energy, heat of condensation and the heat of mixing of the depositing atoms, which may be somehow overcome by a lower sputtering power and pressure [19] , [20] , [31] .
The surface topographies of the magnetron sputtered alloys are shown in Fig. 2a-d . SEM images show almost featureless growth for all the films. Deposition of continuous films for all the sputtered samples can be observed as it was confirmed in the previous study [24] .
Also, the formation of bubble-like structures with diameters of 1-4 µm can be observed on the films' surfaces. This may be related to the argon entrapment [32] and relaxation of film deposition stresses, leading to the local loss of film-substrate adhesion. Table 1 shows the compositional analysis of the samples by EDS averaging various (at least three readings) area scans (>100 µm 2 ). It can be seen that the obtained compositions are close to the target compositions, indicating that a good control on the films' compositions can be achieved by accurately controlling the deposition rate of the alloying elements.
Thermal and structural stability under inert atmosphere
The thermal stabilities of the samples are shown by DSC thermograms in Fig. 3(a-d) . All the alloys undergo a crystallisation process above 400 °C as identified by DSC exothermic peaks. The onset and peak temperature of the DSC thermograms can be related to the nucleation and growth processes respectively [9] . Whilst a peak temperature at 467 °C for the crystallisation of Zr 40.5 Ni 59.5 alloy can be observed in Fig. 3a , crystallisation peak temperatures around 570 ºC were previously reported for Zr 36 Ni 64 alloy [7] , [9] . The reduced thermal stability of our sample may be explained by the internal stresses formed during sputtering and its higher Zr content which they both are known to reduce the thermal stability [9] , [10] , [21] . Furthermore, whilst the crystallisation of Zr 40.5 Ni 59.5 ( Fig. 3a ) takes place through a single exothermic peak, a primary and secondary exothermic peaks were reported [10] during the crystallisation process of melt-spun Zr 36 Ni 64 . Crystallisation of Zr 56.2 Cu 43.8 ( Fig. 3b) shows an exothermic reaction with a peak temperature at 461ºC, which is within the range of previously reported crystallisation temperatures [27] , [33] - [35] . Crystallisation peak temperatures of 474 and 471 °C can be observed for Zr 30 [36] , [37] . Here, only a broad DSC peak for Zr 32 ) [17] . Formation of various zirconium oxide phases were observed in the Zr-based alloys, although the quantity of the oxide phase varies according to the alloy composition [17] , [23] . In addition, a small amount of Ni phase is formed at 400 °C, which its peak intensity increases upon further heating to 600 °C.
Zirconium oxides and Ni are stable phases after cooling to room temperature. It can be seen that crystallisation of the Zr 40.5 Ni 59.5 alloy does not proceed by the formation of Ni-Zr phases as expected from the binary phase diagram ( Fig. S1 in supporting information) [38] . In fact, decomposition of the amorphous phase has been established in the as-prepared and heat treated amorphous alloys [37] , [39] , [40] . Amorphous decomposition may force the formation of separated amorphous phases [41] , leading to the development of preferential crystallisation (primary crystallisation) from such phases. In addition, Zr content may have been also depleted as a result of oxidation. Hence, amorphous decomposition and oxidation of the Crystallisation starts at 300 °C by the formation of a minute amount of Cu and zirconium 9 oxide phases which their XRD peak intensities increase by heating to 600 °C. At 600 °C, a mixture of Zr 2 Cu, Zr 7 Cu 10 , and Zr 14 Cu 51 phases are also observed in combination with the aforementioned phases. The structure of the Zr 56.2 Cu 43.8 alloy after cooling to room temperature remains similar to the heat treated sample at 600 °C. According to the Cu-Zr phase diagram (Fig. S2 in supporting information) [42] , a mixture of Zr 2 Cu and Zr 7 Cu 10 phases should be the dominant phases after the crystallisation of this alloy. In fact, crystallisation of Zr-Cu alloys with a Zr content ranging from 45 to 60 at.% was shown to proceed by the formation of a mixture of Zr 2 Cu and Zr 7 Cu 10 phases [27] , [34] . Meanwhile, formation of the Zr 14 Cu 51 phase was only observed for Zr-Cu alloys with a Zr content lower than 40 at.% [23] . Evolution of the Zr 14 Cu 51 phase in our sample may originate from the variation in the local atomic composition as a result of the separation of Cu-rich zones (Zrpoor zones) [37] which its preferential crystallisation can be seen in Fig. 4b . Phase separation in the Zr-Cu alloys was reported to occur during the alloy fabrication by vapour quenching [43] and after annealing at temperatures far below the glass transition for the liquid quenched alloys [31] . In addition, competition between the separated Cu phase for surface segregation due to its lower surface energy compared to Zr (1.83 J m and Zr 7 Cu 10 phases are also formed by a further increase in the temperature to 600 °C. alloy to room temperature has no noticeable effect on the structure of the alloy. Table 2 shows crystal structure refinement results for the samples heat treated at 500 and 650 °C under argon for 2 h (Fig. S3-S6 in supporting information) . A significant amount of Ni (about 66 wt. %) is crystallised after heat treating Zr 40.5 Ni 59.5 alloy at 500 °C. The phase abundance of Ni decreases after heat treating at 650 °C due to an increase in the quantity of oxide phases. The absence of a Zr-Ni phase after heat treatment at 650 °C seems to be related to the alloy decomposition. Crystallisation of the separated Ni phase and the Zr consumption by oxygen hinder the intermetallic compounds precipitation. 
Thermal stability under hydrogen
The effects of hydrogen on thermal stability of the alloys in this study are shown by DSC thermograms in Fig. 5(a-d) . The DSC thermogram for the Zr 40.5 Ni 59.5 alloy in Fig. 5a shows two exothermic peaks at low (90 °C) and high temperatures (458 °C). The high temperature DSC peak is very close to the exothermic peak temperature observed for the crystallisation of this alloy under an inert atmosphere (467 °C) in Fig. 3a . Zr 56.2 Cu 43.8 alloy shows (Fig. 5b) a wide exothermic DSC thermogram starting from approximately 125 °C with a peak temperature at 279 °C. Therefore, the thermal stability of this alloy seems to be drastically reduced under hydrogen compared to its thermal stability under argon in Fig. 3b . Similar reductions in thermal stability of Zr-Cu alloys under hydrogen were also previously reported as a result of ZrH 2 and Cu phase formation at temperatures lower than the crystallisation temperature of the alloys [6] , [33] . The same trend is also observed for the Zr 30 5c-d ), compared to their thermal stability under argon (Fig. 3c-d alloy shows two exothermic peaks in Fig. 5c with peak temperatures at 160 and 245 °C, a wide exothermic peak starting from approximately 100 °C and a peak temperature at 290 °C is observed for the Zr 32 Cu 57.3 Ti 10.7 alloy in Fig. 5d . The observed reductions in the thermal stabilities under hydrogen may arise from enhanced atomic mobility allowing easier rearrangement into the crystalline phase, hydrogen induced phase separation and localised heating during hydriding, all of which appear to be a function of hydrogen concentration within the alloy [6] , [45] .
The in-situ XRD at variable temperatures ( Fig. 6a-d) shows the structural stability and the crystallisation products of the samples under hydrogen. The XRD pattern of the Zr 40.5 Ni 59.5 alloy in Fig. 6a seems to remain unchanged after heating to 150 °C. Therefore, the low temperature DSC exothermic peak at 90 °C which was observed for this alloy in Fig. 5a 12 cannot be related to alloy crystallisation. An exothermic peak for hydrogen absorption in Z 37 Ni 63 alloy was reported [46] below 200 °C, which was accompanied by a shift in the broad XRD diffraction hump to the lower angle side as result of volume expansion. Such a shift in the broad XRD diffraction hump is not observed after careful examination of Fig. 6a once the temperature increases to 150 °C. On the other hand, the low temperature DSC exothermic peak may be related to partial oxidation, in which the oxide layer is too thin to be identified by XRD. Formation of tetragonal ZrO 2 can be clearly observed in Fig. 6a after heating [46] . Thus, the high temperature DSC exothermic peak (458 °C) in Fig. 5a should represent the crystallisation of the Zr 40 2 and Cu are observed. Therefore, the broad exothermic DSC shoulder below this temperature (Fig. 5b ) cannot be related to the alloy crystallisation, rather possible structural relaxation or some reordering of the amorphous structure [33] . Similarly, decomposition of Zr-Cu alloys under hydrogen was reported to proceed by phase separation leading to the formation of ZrH 2 , Cu and Cu-Zr phases [33] , [45] , [47] . Such a structural transformation under hydrogen induced fast Cu segregation to the surface [47] . An additional increase in temperature to 500 °C in Fig. 6b Fig. 6c , decomposition of Cu (which starts at ~ 250 °C) appears to be the main crystallisation event in the Zr 32 Cu 57.3 Ti 10.7 alloy after heating to 500 °C in Fig. 6d . A small amount of the Zr oxide phase is also detected in both of the alloys at the end of the heating and cooling cycle. Similar to the crystallisation profiles of the alloys under an inert atmosphere, a notable phase separation is observed during the crystallisation of these alloys under hydrogen.
Discussion
Since crystallisation is associated with nucleation and growth, the kinetic studies of nucleation and growth processes in amorphous alloys are important. The crystallisation kinetics of amorphous materials can be investigated using isothermal or non-isothermal methods [48] . Whilst most kinetic investigations are performed isothermally, the substantial thermal response of the amorphous alloys in this study causes the nucleation and growth process to occur before the alloy reaches the desired temperature. On the other hand, in the non-isothermal method sample is heated at a fixed heating rate until crystallisation is complete. Whilst the Johnsdon-Mehl-Avrami (JMA) theory [49] , [50] can be used to describe the crystallisation kinetics during isothermal measurements, other theories have been developed [48] to obtain the kinetics parameters for glass crystallisation based on nonisothermal methods. In non-isothermal measurements the kinetic parameters are obtained by monitoring the shift in the crystallisation peak as a function of heating rate [51] .
Ozawa [52] and Kissinger [53] plots are commonly used methods to calculate the kinetics data, such as Avrami exponent, n, and activation energy, E a , by non-isothermal 14 measurements. The Avrami exponent represents the growth morphology [48] depending on the growth mechanism, i.e. dimensionality of growth and the growth limiting factors such as diffusion or surface controlled growth [48] , [54] . The Avrami exponent, n, is determined by the Ozawa equation (eq. 1), whilst the activation energies for nucleation and growth can be determined from onset and peak temperatures of the DSC thermograms respectively at different heating rates [9] , [24] (2) Where x is the crystallised fraction, determined from the ratio of total area of the exothermic crystallisation peak to the partial area of the exothermic crystallisation peak with respect to the starting and finishing crystallisation temperature [48] . β is the heating rate, T p is the crystallisation peak temperature (crystallisation onset temperature to calculate the activation energy for nucleation) and R is the gas constant.
The sigmoid graphs in Fig. 7a-d Table 1 ). The average n values of 1.93 and 1.29 are determined in Fig. 7a-b Activation energies for crystallisation (nucleation and growth) of the alloys in this study are given in Fig. 8a-d (also listed in Table 1 ). The activation energies for nucleation of the ) alloys given in Fig. 8a and b, indicating that more energy is required for nucleation process compared to the growth process in these alloys. ), indicating that the growth process is more difficult than the nucleation process in these alloys.
The mechanical and physical properties of amorphous alloys are known to be related to the atomic packing density, defined by the formation of atomic clusters exhibiting Short
Range Order [56] , [57] . In addition, recent studies show that the structural stability (assessed by the crystallisation temperature) of amorphous alloys is also closely related to the characteristics of the SRO atomic clusters [35] , [57] - [59] . For multicomponent systems where the constituent atoms exhibit a notable difference in their atomic sizes, the most efficient packing occurs locally in icosahedra-like clusters [60] without long translational symmetry. Zr-based metallic glasses also tend to form icosahedra-like atomic clusters in order to promote better packing density [61] . For instance, the GFA and the thermal stability of Zr-Cu amorphous alloys have been shown to depend on the fraction of Cu-centred full icosahedra-like clusters [35] , [58] , [62] . Thermal stability was observed to originate from significantly lower atomic mobility of atoms belonging to the full icosahedra-like clusters [62] . However, the nature of the icosahedra-like clusters is a function of the alloy composition and the atomic species. The existence of multiple atomic species with different atomic sizes can change the chemical environment, leading to lower packing density and a deterioration in thermal stability by limiting the formation of full icosahedra-like clusters [59] , [63] , [64] . Such an effect has been reported after micro-alloying of Ti [65] , and Y [55] with the Zr-Cu based amorphous alloys. Whilst a small atomic mismatch between Ti and the base alloy elements was suggested [65] to result in lower packing efficiency, the positive enthalpy of mixing between Y and Zr (+35 kJ mol -1 ) could lead to a local variation in the alloy composition [55] . Furthermore, the formation of crystal-like structures [55] were shown to be likely as a result of micro-alloying, which can act as the crystallisation nuclei.
However, the growth of thisese crystal-like structures remains limited to a few nm during crystallisation and the overall rate of crystallisation is reduced. This is mainly attributed to the pinning effect of the surrounding icosahedra-like clusters [55] , [61] , which promote nano-crystallisation in Zr-based amorphous alloys. Nevertheless, the growth process for this crystal-like structures is still difficult, possibly due to the pinning effect of the surrounding icosahedra-like clusters which is reflected by the growth activation energies in these alloys.
Conclusions
Amorphous thin films of Zr 40. Tables   Table 1: Sputtering conditions and EDS analyses of the fabricated thin films. The film thicknesses and the activation energies for nucleation and growth (see Fig. 5 ) of each sample are also listed. 
